neurons. We show that the axons of these neurons exOne family of repulsive cues is the semaphorins, which consist of secreted and transmembrane proteins press both the neuropilin-1 and neuropilin-2 proteins conserved from insects and nematodes to vertebrates. and can be repelled by Sema III, Sema E, and Sema IV. tal et al., 1998).
Introduction
Neuropilin-2, which shares 44% identity at the amino acid level with neuropilin-1, and which has several alterThe function of the nervous system depends critically natively spliced isoforms, was identified by homology on the accurate pattern of connections among neurons to neuropilin-1 (Chen et al., 1997; Kolodkin et al., 1997) generated during embryonic development. Growth cones and found to bind to Sema E and Sema IV with high at the tips of developing axons are guided by molecular affinity but to Sema III only with much lower affinity cues in the environment, which direct them to their (Chen et al., 1997; Xu et al., 1998). These results have appropriate targets. Axons are guided by both positive suggested that the specificity of action of different class (attractive) and negative (repulsive) cues, with the repul-III semaphorins on different neuronal classes may be sive cues steering axons away from inappropriate redictated by the complement of neuropilins expressed gions and generating exclusion zones that axons acby the responsive cells. To test this possibility, we have tively avoid (reviewed by Tessier-Lavigne and Goodman, studied embryonic day 15-17 (E15-E17) rat sympathetic 1996).
neurons. We show that the axons of these neurons exOne family of repulsive cues is the semaphorins, which consist of secreted and transmembrane proteins press both the neuropilin-1 and neuropilin-2 proteins conserved from insects and nematodes to vertebrates. and can be repelled by Sema III, Sema E, and Sema IV. The semaphorins, characterized by the presence of a We also define the domains of interaction of Sema IV ‫005ف‬ amino acid semaphorin (sema) domain at their with neuropilin-2 and show that neuropilins can form amino termini, are categorized into seven classes based homo-and heterooligomers even in the absence of lion sequence and structural similarity (Kolodkin et 
Results
Since Sema III binds neuropilin-1 but not neuropilin-2 with high affinity, whereas Sema IV binds neuropilin-2 with much higher affinity than neuropilin-1, we would Sympathetic Axons Coexpress Neuropilin-1 and Neuropilin-2 predict that the Sema III signal might be mediated predominantly by neuropilin-1 and the Sema IV signal by A rabbit antiserum against domains a1 and a2 of neuropilin-2 was generated and used in immunohistochemisneuropilin-2. Sema E, which binds the two neuropilins with similar affinity, might be predicted to signal via both try to detect expression of this protein by sympathetic axons. We found that the antiserum cross-reacts with receptors. Consistent with these predictions, we found that the repulsive action of Sema III was blocked in neuropilin-2 but not neuropilin-1 when expressed in transfected COS cells (Figures 1B and 1C) . To examine the presence of a function-blocking anti-neuropilin-1 antibody (10 g/ml), whereas the repulsive activity of whether neuropilin-1 and neuropilin-2 are expressed on the surface of sympathetic axons, E15 rat superior cerviSema IV was not significantly affected ( Figures 2E, 2G , and 2L). The repulsiveness of Sema E was partially abolcal ganglia (SCG) were dissected and cultured in vitro on poly-D-lysine/laminin-coated dishes for 2 days and ished ( Figures 2F and 2L) , consistent with an involvement of both neuropilin-1 and neuropilin-2, perhaps eithen live labeled with antibodies to neuropilin-1 (He and Tessier-Lavigne, 1997) or neuropilin-2. Both neuropilins ther as homo-or heterooligomers (see below). The antiserum to neuropilin-2 described above did not have were found to be expressed by these axons ( Figures 1F  and 1H 
. Binding of Sema IV and Its Individual Domains to Deletion Constructs of Neuropilin-2 (A) Schematic drawing of neuropilin-2(a0) deletion constructs (bottom), together with expressed proteins visualized by Western blotting (8% gel, anti-HA antibody followed by horseradish peroxidase-conjugated secondary antibody) (top). From left to right: full length neuropilin-2, neuropilin-2-delta-A (lacking domains a1 and a2), neuropilin-2-delta-B (lacking domains b1 and b2), and neuropilin-2-delta-M (lacking domain c, the MAM domain). (B-J) Binding of AP fusions of full length and truncated versions of Sema IV to truncated forms of neuropilin-2(a0). Normalized supernatants containing AP-Sema IV (B, E, and H), AP-sema-Ig (C, F, and I), and AP-C (D, G, and J) were incubated with COS cells expressing the delta-A (B-D), delta-B (E-G) and delta-M (H-J) versions of neuropilin-2(a0) (from [A]). Binding was detected by AP activity. (K-M) Equilibrium binding of Sema IV AP fusion proteins to the delta-A (K), delta-B (L), and delta-M (M) forms of neuropilin-2 (methods were as in Figures 3S and 3T). Specific binding curves are shown for AP-Sema IV (squares), AP-sema-Ig (circles), and AP-C (triangles). Binding of all constructs to delta-A was too low to permit accurate evaluation of the K d ; no detectable binding of AP-sema-Ig was observed, while binding of AP-Sema IV was dramatically reduced, apparently being accounted for by the residual binding of AP-C (which itself was reduced over binding to full length neuropilin-2). Dissociation constants for interaction with the delta-

Discussion independently by Takahashi et al. (1998). This result extends the previous observation by Fujisawa and colleagues that neuropilin-1 can mediate cell aggregation
The findings that the sema-Ig region of Sema IV requires the a1 and a2 domains of neuropilin-2, whereas C region (Takagi et al., 1991), an effect presumably mediated by a trans interaction; we have extended that observation binding requires both a1/a2 and b1/b2, suggests a model for Sema IV action in which the Sema IV molecule further by showing that it also holds for neuropilin-2 and that the trans interaction can be demonstrated using binds the a1/a2 region of neuropilin-2 via its sema-Ig domain and binds both the a1/a2 and b1/b2 regions via soluble neuropilin ectodomains. Furthermore, our results implicate the MAM domain of neuropilin-2 in mediits basic C domain. Since Sema IV, by analogy with the better studied Sema III (Klostermann et al., 1998; Koppel ating this interaction; we have not, however, established whether it is the only domain participating in this interand Raper, 1998), is presumed to be a dimer, each Sema IV molecule is predicted to bring together two neuropiaction. Taken together, the results imply that even in the absence of ligand, there are preassembled neurolin-2 molecules, as illustrated in Figure 5K . Interestingly, our coimmunoprecipitation results also show that neupilin-1 and -2 homo-and heterodimers (or multimers), apparently assembled by an interaction involving MAM ropilin-1 and Ϫ2 molecules can interact both homo-and heterophilically in the plane of the membrane (i.e., in cis) domains, and that the Sema IV molecule fits into a pocket created by the a1/a2 and b1/b2 domains ( Figure 5K ). in the absence of ligand, a result also recently reported what then is the purpose of interactions among neuropithat in neurons, the ligand can induce a greater degree lins? One possibility is that this will ensure the creation of neuropilin aggregation that is not detectable in transof higher order multimers, not just dimers, with both fected cells overexpressing neuropilins and that this ligand and MAM domains contributing to aggregation subtle change in aggregation defines the difference beand hence activation; in some other receptor systems, tween activated and inactivated states. A second possimultimers of a higher order than dimers must be generbility is that the presence of ligand might lead to a conated for receptor activation to occur (see, e.g., Stein et formational change in preaggregated neuropilins. A third al., 1998). Alternatively, the precise conformation of the possibility, not excluded by any data so far available, is aggregates might be important either for neuropilin inthat the functional Sema IV receptor includes a nonneuteractions or for interactions with a putative coreceptor. ropilin coreceptor (Kolodkin and Ginty, 1997) and that In any case, it is worth noting that the neuropilinthe binding of neuropilins by ligand creates a complex neuropilin interaction is likely to be important and not which then somehow recruits or activates the corecepgratuitous, since the two function-blocking antisera to tor. The existence of a coreceptor is supported indirectly neuropilin-1 previously reported were directed against by evidence that neuropilins are also receptors for the its MAM domain ( 
min for anti-Flag). (B-G) Binding of neuropilins in trans was observed through binding of a soluble neuropilin-2 ectodomain-Fc fusion protein to neuropilin-2(a0) expressed in COS cells (B and E), neuropilin-1 expressed in COS cells (C and F), or control COS cells (D and G) in the absence (B-D) or presence (E-G) of Sema E (similar results were obtained with Sema IV (data not shown)). Binding of the ectodomain-Fc fusion was detected
